Two strains of Methanogenium bourgense, strains MS2T (T = type strain) and LX1, were characterized, and, based in part on previously published DNA hybridization data, this species was transferred to a new genus, Methanoculleus, as Methanoculleus bourgense comb. nov. Methanogenium marisnigri JRIT and a new strain of Methanogenium marisnigri, strain ANS, were also characterized. This species was also transferred to the genus Methanoculleus as MethanocuUeus marisnigri comb. nov. et emend., and its description was emended to indicate that the species has a temperature optimum near 40°C, is halotolerant, and is slightly alkaliphilic; in contrast, the previous description of this organism indicates that it has a temperature optimum of 20 to 25"C, is halophilic, and is slightly acidophilic. We also propose the transfer of two other phylogenetically related species, Methanogenium thermophilicum and Methanogenium olentangyi, to the genus Methanoculleus as Methanoculleus thermophilicum and Methanoculleus olentangyi, respectively. Methanogenium cariaci JRIT was also further characterized, and its description is emended.
The results of studies of diffusion of H, and formate from bulk solutions to methanogenic cells suggest that the small size of many methanogens may be advantageous in scavenging small concentrations of these substrates (1). However, the isolation and characterization of small coccoid methanogens from digestors and other natural methanogenic environments are fairly recent developments (5, 9, 12, 15, 16, 18, 21) , perhaps because these methanogens grow slowly and are sensitive to detergents and physical and osmotic stress. Colonies may often be found in roll tube media inoculated with high dilutions if a small amount of salt is included in the media and the incubation period is sufficiently long (4).
The genus Methanogenium is a genus of coccoid, methanogenic archaeobacteria which was originally described as marine (12). Since the original description, a number of new species of coccoid methanogens have been isolated and placed in the genus Methanogenium because they appeared to fit there better than in other genera. The inclusion of these organisms led to an informal broadening of the genus description. Recently, the genus Methanocorpusculum, a new genus in the family Methanomicrobiaceae, was described (18) . Methanogenium aggregans was transferred to that genus (15) , two new species, Methanocorpusculum bavaricum and Methanocorpusculum sinense, were described, and a new family for the genus was proposed (19) . Currently, there are the following seven valid species of the genus Methanogenium: Methanogenium cariaci (12) , Methanogenium marisnigri (12) , Methanogenium thermophilicum (ll), Methanogenium bourgense (9), Methanogenium tationis (16) , Methanogenium olentangyi (9, and Methanogenium organophilum (14) . DNA hybridization data indicate deep divisions among these species, with Methanogenium marisnigri, Methanogenium thermophilicum, Methanogenium bourgense, and Methanogenium olentangyi being distinct from other members of the genera Methanogenium and Methanocorpusculum (15) . Sequences have been determined for the 16s rRNAs of six of these organisms, Methanoplanus limicola, Methanogenium organophilum, Methanogenium cariaci, Methanomicrobium mobile, Methanogenium marisnigri, and Methanogenium thermophilicum (P. E. Rouvi&re and C. R. Woese, manuscript in preparation). As determined by both evolutionary distance and maximum parsimony analyses, these six sequences (which are all more than 90% related to one another) fall into two distinct, but specifically related, phylogenetic groups. One comprises the first four organisms. The other includes Methanogenium marisnigri and Methanogenium thermophilicum (Rouviere and Woese, in preparation). This finding is in accord with the DNA hybridization data (15), which indicate that Methanogenium marisnigri, Methanogenium thermophilicum, Methanogenium bourgense, and Methanogenium olentangyi should be separated into a new genus. Therefore, we propose that this group of organisms should be transferred to a new genus, Methanoculleus, with Methanoculleus bourgense as the type species.
MATERIALS AND METHODS
Media and culture techniques. We used the anaerobic techniques of Hungate (6), with syringes and serum tubes. MG medium was similar to MS medium (2) but also contained 2.5 g of NaCl per liter and 5 mmol of sodium acetate per liter, and 0.5 g of 2-mercaptoethanesulfonic acid re-INT. J. SYST. BACTERIOL. placed the cysteine. This medium also contained 7 g of NaHCO, per liter, which was added after boiling to remove O,, or it contained 4 g of NaOH per liter and was equilibrated with an N,-CO, mixture (7: 3) without boiling to remove dissolved 0, (8) . The final pH was 7.2 to 7.3. Enrichment medium was the same as MG medium but without cysteine or 2-mercaptoethanesulfonate and with the peptone and yeast extract concentrations reduced to 0.5 ghiter. Routinely, the catabolic substrate was 100 mM formate, and cultures were incubated at 37°C without shaking. For growth on H,-C02, media (with an N,-CO, gas phase) were inoculated and then pressurized with pure H, to a partial pressure of 101 kPa. The resulting cultures were incubated with orbital shaking (120 rpm with a 27-mm stroke radius) and were frequently repressurized to 101 kPa above atmospheric pressure with an H,-C02 mixture (3:l). The ability to use soluble catabolic substrates was tested by inoculating the following media: media supplemented with 20 mM formate, media supplemented with 20 mM formate plus the substrate to be tested at a concentration of 10 mM, media supplemented with the substrate to be tested at a concentration of 10 mM, and controls without a catabolic substrate. Measurement of the methane produced by these cultures indicated whether the substrate was inhibitory and whether it could be catabolized. Media at various pH values were prepared by equilibrating medium with gas at various CO? partial pressures. For pH values higher than 8.1, we equilibrated the medium with 100% N, and added a sterile, anoxic NaOH solution to adjust the pH. For pH values lower than 6.5 we equilibrated the medium with 100% CO, and added sterile, anoxic HC1 to adjust the pH. The pH was checked after autoclaving and equilibration at the growth temperature and again after the growth of cultures for determination of the optimal pH for growth, During measurement of specific growth rates at various pH values, the pH did not change more than 0.2 pH unit during growth; the pH values indicated in Fig. 2 are the initial pH values. Media with various Na+ concentrations were prepared, or the Na+ content of MG medium was adjusted by adding a sterile, anoxic 1 or 4 M NaCl solution to individual tubes. When additions to media were a significant fraction of their volume, we corrected the salt concentration for the volume of solution added. Requirements for organic growth factors were determined by cultivating organisms in media for at least three successive transfers (5% [vol/vol] inocula) in order to prevent the carry-over of nutrients. For mass cultivation, cells were grown in 2-liter bottles modified with 20-mm serum tops. Tops from serum tubes or bottles cannot be safely annealed to the hard glass of the larger bottles, so we obtained serum style fittings (Bellco Glass, Inc., Vineland, N.J.) of Corning type 7740 glass; large serum style bottles may be obtained by writing to D.R.B.
Cultures were isolated from enrichment cultures by serial dilution in MG medium and inoculation into molten (45°C) MG medium solidified with 18 g of purified agar per liter prepared as roll tubes. Colonies were picked by using a Pasteur pipette with a drawn-out tip (6) and were transferred to liquid medium. The resulting liquid culture was immediately diluted in MG medium and again inoculated into roll tubes. This process was repeated until a single colony type remained and then one additional time to ensure that the culture was axenic. The inoculum from which we isolated strain AN8 (= OGC 51 = DSM 4552) was effluent from an anaerobic pig manure digestor in Spain, and the inoculum from which we isolated strain LX1 was effluent from a sewage sludge digestor at the Hyperion Wastewater Treatment Plant in Los Angeles, Calif.
Sources of cultures and inocula. Methanogenium bourgense MS2T
G+C content of the DNA. To determine the guanineplus-cytosine (G+ C) content of DNA, late-log-phase cultures were cooled to 4°C and were harvested by centrifugation at 5,000 X g for 15 min. DNA was isolated by a modification of the Marmur method (7), and the density was determined by ultracentrifugation in CsCl gradients (10) . DNAs from Micrococcus lysodeikticus (density assumed to be 1.731 g/cm3; Sigma Chemical Co., St. Louis, Mo.) and Clostridium perfringens (density assumed to be 1.691 g/cm3; Sigma) were used as standards. The G+C content of the DNA was calculated by using the formula of Schildkraut et al. (13) .
Analytical techniques. Proteins were analyzed by polyacrylamide gel electrophoresis as described previously (8) . Specific growth rates were determined from an analysis of methane production, and methane was quantified by gas chromatography (8) . We used a type 0 2 filter set (Carl Zeiss, Inc., Thornwood, N.Y .) for epifluorescence microscopy to distinguish colonies likely to be methanogenic based on their blue-green fluorescence,
RESULTS AND DISCUSSION
Isolation of strain AN8. Serial dilutions of the effluent from an anaerobic digestor of pig manure in MG enrichment medium supplemented with 100 mM formate produced methane with an inoculum of as little as 0.1 nl of the digestor effluent. An isolate from such an enrichment culture was named strain AN8. This culture contained a single morphological type (coccoid, epifluorescent cells). The cells did not grow in MG medium when formate was omitted, in fluid thioglycolate medium, or in MG medium supplemented with formate and incubated aerobically. The culture appeared to be pure and was deposited in the Collection of Methanogenic Archaebacteria at the Oregon Graduate Center as strain OGC 51 and in the Deutsche Sammlung von Mikroorganismen as strain DSM 4552.
Isolation of strain LX1. Strain LX1 was isolated by using the method used for strain AN8 (4). Within 1 week, colonies appeared in tubes which received larger inoculum volumes (as small as 100 nl of the original sample for each sample); these colonies were made up of epifluorescent organisms which appeared to be members of the genus Methanobacterium. After 2 to 3 weeks of incubation, colonies were detected in tubes which received much smaller inocula (as small as 10 pl). These subsurface colonies were small (diameter, <1 mm), clear, cream colored, spherical, entire, and epifluorescent. One of these colonies was purified and deposited in the Collection of Methanogenic Archaebacteria at the Oregon Graduate Center as strain OGC 24. Several VOL. 40, 1990 METHANOCULLEUS GEN. NOV. strains isolated from Hyperion sludge were similar in colony and cell morphology to strain LX1 and were not further characterized. Microscopic examination of the purified culture revealed onIy small, epifluorescent cells. No motility was seen in wet mounts. DNA-DNA hybridization studies of strain LX1 indicated that it belongs in the species Methanogenium bourgense. Morphology of strain AN$. Strain AN8 colonies were circular with entire edges and cream colored, attaining a maximum diameter of 1 mm after 10 days of incubation. Individual cells were coccoid and 0.8 to 1.4 bm in diameter. The cells stained gram negative. We were unable to obtain electron micrographs because the cells lysed upon fixation.
G+C content of strain ANS. The G+C content of strain AN8 DNA was 61.7 f 1 mol%.
Electrophoretic analysis of whole-cell proteins. We examined the proteins of strain AN8 and Methanogenium bourgense LX1 by performing an electrophoretic analysis (8) and compared them with the proteins of all of the strains listed in Materials and Methods. Figure 1 shows a comparison of the organisms whose proteins appear to be most similar to those of strain AN8. The greatest differences occurred in the lighter-staining bands. Figure 1B is a drawing which indicates the locations of bands which were seen in the gel. The general similarities (among Methanogenium species) of the darker bands confirm the results of other electrophoretic analyses (16) and limit the utility of this method for studying the phylogeny of this group.
Methanogenium bourgense LX1 appears to be most similar to Methanogenium bourgense MS2T, confirming its placement in that species based on DNA-DNA hybridization data (15) . Similarities between strain LX1 and Methanogenium olentangyi R C / E R~ are also apparent, in agreement with DNA sequence similarity data (15) which show a very close phylogenetic relationship between Methanogenium olentangyi and Methanogenium bourgense. Strain AN8, Methanogenium marisnigri JRIT, and Methanogenium bourgense MS2T were all very similar in their protein patterns. However, many other characteristics of strain AN8, including G + C content and physiological characteristics (see below), such as halotolerance, indicate that strain AN8 is most closely related to Methanogenium marisnigri JRIT and is a reference strain of that species.
Physiology of Methanogenium marisnigri ANS, Methanogenium bourgense LXl, and related type strains. (i) Catabolic substrates. All of the strains tested (Methanogenium marisnigri JRIT and AN8, Methanogenium bourgense MS2T and LX1, Methanogenium olentangyi, Methanogenium tationis, and Methanogenium cariaci) grew well in MG medium at 37°C with formate as the substrate. This is the first report of formate catabolism by Methanogenium olentangyi. In the original study of this organism, Corder et al. (5) tested formate catabolism in medium without CO,, so the high pH of the medium may have inhibited growth. The more rapid growth of Methanogenium marisnigri JRIT at 37 than at 25°C appears to conflict with the initial report of this organism (12) ; this difference may be due to adaptation of the strain since its isolation or to the different methods used for determining optimum environmental conditions. Strain AN8 grew poorly and inconsistently on H,-CO, as the catabolic substrate, apparently due to inhibitory effects of shaking rather than an inability to catabolize H,, as described previously for Methanogenium thermophilicum (17) . When cultures of strain AN8 catabolizing formate were incubated with shaking, growth was likewise poor and inconsistent.
Zellner and co-workers (18) (19) (20) showed that a number of alcohols are catabolized by methanogens, especially species of the genus Methanocorpusculum. None of the methanogens discussed below catabolized 2,3-butanediol, malate, or primary alcohols (methanol, ethanol, 1-propanol, 1-butanol , and 1-pentanol). Methanogenium cariaci JRIT and AN8, Methanogenium marisnigri JRIT, Methanogenium tationis, and Methanogenium bourgense MS2T grew on the secondary alcohols tested (2-propanol, 2-butanol, 2-pentanol, and 3-pentanol), except that neither Methanogenium marisnigri JRIT, strain AN8, nor Methanogenium cariaci JRIT catabolized 2-pentanol. In contrast, Methanogenium bourgense LX1 and Methanogenium olentangyi did not catabolize secondary alcohols. Our findings confirmed those of Widdel et al. (14) that Methanogenium marisnigri uses secondary alcohols.
Growth of Methanogenium cariaci JRIT on formate reportedly was inhibited in Na,CO,-buffered media (12), but we found that our strain (strain OGC 4gT) grew well on formate in our C0,-bicarbonate-buffered medium.
(ii) Growth rates, In MG medium supplemented with formate the specific growth rates were 0. nogenium marisnigri AN8 grew in mineral medium (MG medium without organic constituents) containing 100 mM formate and 5 mM acetate (specific growth rate, 0.047 h-'), even after three transfers, or in mineral medium containing 100 mM formate and 2 g of yeast extract per liter (0.042 h-'). Either acetate or some other substance(s) present in yeast extract was required for growth, and the specific growth rate was most rapid in medium containing 5 mM acetate and either 2 g of yeast extract per liter (0.070 h-'), 2 g of Trypticase peptones per liter (0.073 h-'), or 2 g of Trypticase peptones per liter and 2 g of yeast extract per liter (0.073 h-'). Strain AN8 did not grow in mineral medium containing 100 mM formate and 2 g of Trypticase peptones (BBL Microbiology Systems, Cockeysville, Md.) per liter. Methanogenium marisnigri JRIT grows in mineral medium containing peptones as the sole organic addition (12) .
(iv) Effects of salinity. We tested the effect of Na+ on growth and found that none of the strains tested was strongly halophilic (Fig. 2) ; all grew well (at least 50% as fast as the maximum observed specific growth rate) in medium without added NaCl, although the growth rates of some strains at the lowest salt concentrations were very slightly suboptimal (Fig. 2) . All of these strains were halotolerant to some degree; Methanogenium cariaci appeared to be the most halotolerant in that it grew as well in the presence of 1 M Na+ as it did in medium containing lower salt concentrations. Methanogenium marisnigri JRIT and AN8 grew much better at lower Na+ concentrations (0.1 to 0.4 M) than at an Na+ concentration of 1 M, although they did grow at Na+ concentrations near 1 M. For comparison, Methanogenium tationis is much less halotolerant, growing well in the presence of 0.3 M Na+ but not in the presence of 0.5 M Na+ (16) . Methanogenium bourgense MS2T produces methane most rapidly at Na+ concentrations less than about 0.3 M, although specific growth rates were not determined (9) .
(v) Optimum pH. Methanogenium marisnigri AN8 grew best at pH values near 7.9 (Fig. 3) . The other strains tested had pH optima above pH 7. The previously reported optimum for Methanogenium marisnigri JRIT is lower than the value which we found, but our values were determined by measuring specific growth rates, whereas in the previous study Romesser et al. (12) recorded maximum optical densities measured during incubation. It is possible that conditions leading to most rapid growth allowed cultures to grow completely before the first determination of optical density, and cultures may have lysed after growth was complete, as has been reported for Methanogenium bourgense (9) . We often observed a stringy precipitate in old cultures, which appeared to indicate lysis of cells. The proposed minimal standards for descriptions of methanogens (3) suggest measurement of specific growth rates to determine optimal conditions, as we used in our study. The pH optima of Methanogenium tationis and Methanogenium bourgense MS2T are near 7 (16) and 6.7 (9), respectively, although specific growth rates were not measured in the latter determination.
(vi) Optimal temperature. The optimal growth temperatures of all of the strains tested were similar (Fig. 4) . The optimal growth temperature of Methanogenium bourgense MS2T was 37°C. The optimal growth temperatures of Methanogenium cariaci and Methanogeniurn marisnigri were previously reported to be 20 to 25°C (12) . However, in that study Romesser et al. did not measure specific growth rates, and our findings are confirmed by the results of another study (16) in which specific growth rates were also measured. It is possible that the discrepancies were due to differences in methods or to an adaptation of the cultures to growth at higher temperatures. Species of Methanogenium gen. emend. are irregular coccoids which form methane from H,-C02, from formate, and sometimes from alcohols. The cells are 0.5 to 3 pm in diameter and occur singly or in pairs; they are nonmotile, although flagella may be observed. Good growth occurs at a wide range of Na+ concentrations, from less than 0.05 M to more than 1 M. Optimal temperatures for growth are 37 to 45°C. The cells have a protein cell wall and are sensitive to lysis by anionic detergents; cells stain gram negative. Organic growth factors are required. The G+C content of the DNA is 47 to 54 mol%. These organisms are found in marine and freshwater environments and exhibit various degrees of halotolerance, but are not strongly halophilic. The type species is Methanogenium cariaci.
Strains of Methanogenium cariaci sp. emend. are coccoid methanogens which grow on H,-CO,, on formate, and sometimes on secondary alcohols; acetate and yeast extract are required as growth factors. Cells are 1 to 3 Fm in diameter and grow best at mesophilic temperatures (up to 45"C), neutral pH values, and Na+ concentrations at or below about 1 M. The recognized habitat is marine sediments.
